The substrate requirement of the H*-ATPase in purified com root tonoplast vesicles was investigated. The coupled activities, ATP hydrolysis and proton pumping, were simultaneously supported only by Mg2' or Mn2+. The presence of Ca2+ or Ba2+ did not significantiy affect the coupled activities. The addition of Cd2', Co2+, Cu2+, and Zn2' inhibited both the hydrolysis of Mg-ATP and the proton transport. However, the inhibition of proton pumping was more pronounced. Based on equilibrium analysis, both ATP-complexed and free forms of these cations were inhibitory. Inhibition of the hydrolysis of Mg-ATP could be correlated to the concentrations of the ATP-complex of Zn. On the other hand, the free Cu2+ and Co2+ were effective in inhibiting hydrolysis. For proton pumping, the ATP complexes of Co2+, Cu2+, and Zn2+ were effective inhibitors. However, this inhibition could be further modulated by free Co2+, Cu2+, and Zn2 . While the equilibrium concentrations of Cd-ATP and free Cd2' were not estimated, the total concentration of this cation needed to inhibit the coupled activities of the H -ATPase was found to be in the range of 10 to 100 micromolars. The presence of free divalent cations also affected the structure of the lipid phase in tonoplast membrane as demonstrated by the changes of emission intensity and polarization of incorporated 1,6-diphenyl-1,3,5-hexatriene. The differential inhibition caused by these cations could be interpreted by interactions with the protogenic domain of the membrane as previously proposed in "indirect-link" mechanism.
ATP and the proton transport. However, the inhibition of proton pumping was more pronounced. Based on equilibrium analysis, both ATP-complexed and free forms of these cations were inhibitory. Inhibition of the hydrolysis of Mg-ATP could be correlated to the concentrations of the ATP-complex of Zn. On the other hand, the free Cu2+ and Co2+ were effective in inhibiting hydrolysis. For proton pumping, the ATP complexes of Co2+, Cu2+, and Zn2+ were effective inhibitors. However, this inhibition could be further modulated by free Co2+, Cu2+, and Zn2 . While the equilibrium concentrations of Cd-ATP and free Cd2' were not estimated, the total concentration of this cation needed to inhibit the coupled activities of the H -ATPase was found to be in the range of 10 to 100 micromolars. The presence of free divalent cations also affected the structure of the lipid phase in tonoplast membrane as demonstrated by the changes of emission intensity and polarization of incorporated 1,6-diphenyl-1,3,5-hexatriene. The differential inhibition caused by these cations could be interpreted by interactions with the protogenic domain of the membrane as previously proposed in "indirect-link" mechanism.
Based on the studies of isolated membrane vesicles, the tonoplast of plant cells has been shown to contain two inwardly directed, electrogenic H+-pumps, one powered by ATP and the other by PPi (1, 2, 6, 14) . The proton electrochemical potential, AUH+, which contains a ApH (acidic inside) and a A'I (positive inside) generated by these pumps serves as the driving force for the secondary transport of other solutes across tonoplast (3, 16, 17) . The tonoplast H+-ATPase requires Mg-ATP as the substrate and can be inhibited by nitrate ions (7, 19) . The properties of this enzyme, e.g. vanadate insensitivity, anion dependence, and the generation of proton electrochemical potential, are similar to the Mg-ATPase associated with isolated vacuoles (29) .
Unlike the plant plasma membrane H+-ATPase, which contains only one polypeptide (molecular mass =100 kD) and forms a phosphorylated intermediate during catalysis (5, 15) , the tonoplast H+-ATPase is composed of at least three different peptide subunits and does not involve phosphorylation of the enzyme in the reaction pathway (4, 1 1). While the exact molecular process leading to proton pumping remains to be established, the kinetics of proton gradient generation by the H+-ATPase in tonoplast vesicles has been studied. Based on initial rate measurements, a fixed stoichiometry of 2 H+/ATP was reported for the tonoplast ATPase of red beet microsomal membranes (1) . This observation is consistent with the notion that the proton pumping is directly coupled to ATP hydrolysis in the tonoplast system. It implies that the proton pumping must share at least part of the exact molecular pathway leading to ATP hydrolysis, as described by the classical chemiosmotic model (12) . However, using a detailed kinetic model for the proton movement, we found that certain treatments did not change the H+ leakage of the membrane but yielded differential effects on the coupled activities in highly purified tonoplast membrane vesicles (27, 28) . This result suggested that the coupling between proton pumping and ATP hydrolysis may be indirect, as proposed earlier (25) .
The kinetic scheme used in our tonoplast experiments was originally developed to describe the energy-dependent proton movement in chloroplasts (9), mitochondria (22) , and purple membrane system (23) . Recently, based on pure curve-fitting techniques, an empirical expression for the proton movement in plant membrane vesicles was advanced (10) . While this empirical expression has been independently developed, it is interesting to note that, as will be shown later in this report, the empirical expression is mathematically equivalent to our kinetic model.
In spite of these advances, relatively few studies have been made on the effects of multivalent cations on the coupled function. Although it has been shown in two separate reports that Mg-ATP is the preferred substrate for either ATP hydrolysis (8) or proton pumping (7), the kinetic origin of this preference remains to be established. Furthermore, the possible direct interactions of multivalent cations with the H+-ATPase have never been systematically investigated. In view of the probable important role of the proton translocating enzyme in regulating the transport processes of tonoplast membrane, a thorough understanding on the possible interaction between the enzyme and multivalent cations is needed. In this report, we studied the ATP hydrolysis and its associated proton pumping using a variety of metal-ATP complexes to establish the kinetic origin of the substrate preference of corn root tonoplast H+-ATPase. We also investigated the influence of multivalent cations on Mg-ATP-dependent enzyme activities to establish the interactions between metal ions and the membrane. The results confirmed the absolute requirement of Mg-ATP or Mn-ATP as the substrate for both the hydrol-ysis of ATP and the proton pumping activities. The presence of inhibitory cations and their ATP complexes always resulted in a preferential inhibition of the proton pumping process. This differential effect supports our previously proposed "indirect coupling" between ATP hydrolysis and proton pumping in corn root tonoplast system (27, 28 (24) . Within employed concentration range, the divalent cations did not affect the complex formation.
Measurement of Proton Movement
In our previous reports (27, 28) , we found that the proton movement associated with tonoplast vesicles could be described by assuming that the net proton pumping rate (flux), as determined by the absorbance change of acridine orange at 492 nm, obeyed the equation: d6/dt = Ro-k,*6 (1) 'Reference to brand and firm does not constitute endorsement by the U.S. Department of Agriculture over others of a similar nature not mentioned.
in which d6/dt, Ro, k,, and 6 represented the net proton transport rate at time t after the addition of ATP, the initial proton pumping rate, a rate constant measuring membrane leakage and other possible inhibition processes such as back pressure (30) and pump slippage (13) , and the extent ofproton transport at time t, respectively. At steady state, the net transport rate reached zero. Thus: (2) in which 6, was the extent of proton transport at the steady state. Eq. 2 was integrated to:
(Al -A) = (As-Ai)*(l -exp(-k,*t)) or A, = A, -AA*exp(-k,*t) (5) in which Ai, A,, and A, represented the absorbance of the indicator at time 0, t, and steady state, respectively. If fluorescence change was used to measure proton movement, then Eq. 5 assumed the form of:
Ft= Fs-A F*exp(-ki*t)
The equation developed by empirical curve fitting (Eq. 2 in ref. 14) had an identical mathematical expression as shown here in Eq. 6. We had demonstrated in our previous works (27, 28) that, under employed experimental conditions, the ATP hydrolysis remained constant during the build-up of the proton gradient in corn root tonoplast vesicles. Thus, the initial proton pumping rate was related to the constant ATP hydrolysis rate by:
Ro= m*RATP (7) The quantity "m" would then represent the stoichiometric ratio of H+/ATP. Experimentally, the proton movement was qualitatively measured by the absorbance change of acridine orange at 492 nm at 22C. After obtaining the proton pumping information (1-2 min after reaching steady state), the same samples were used to determine the rate of ATP hydrolysis. A typical set of observed time course of proton pumping under various experimental conditions is shown in Figure 1 . The growth phase (before reaching steady state) of proton pumping was fitted by Eq. 4 to determine ki. The Ro was then calculated by Eq. 2. It should be mentioned that the spectroscopic response of acridine orange to pH changes was not affected by the presence of the divalent cations (data not shown). 
M2-ATP = M2 + ATP, K2 ... (9) in which K, and K2 represented the dissociation constants.
With the total concentrations of added Ml, M2, and ATP as a, b, and c mm, respectively, the ratio of Eq. 8 and 9 yielded: 
Fluorescence Polarization Measurement
The effect of multivalent cations on the structure of the tonoplast membrane was qualitatively estimated from the change in fluorescence properties of DPH2 incorporated in the membrane (18) . The tonoplast vesicles suspended in the basal medium without acridine orange were treated with 1.90
2 Abbreviation: DPH, 1,6-diphenyl-1,3,5-hexatriene.
,M DPH for 20 min at 22°C. The suspension was then illuminated with vertically polarized light (370 nm) and the fluorescence intensities at the parallel (II) and the perpendicular (I2) directions were measured at 424 nm with a PerkinElmer MPF44A Spectrofluorimeter. The polarization was calculated by the ratios of (II -12)/(AI + I2). The effects of the cation were determined by including 0.2 mm ion in the incubation medium before the measurement.
Protein Concentration Measurement and Others
The protein content of the tonoplast membrane vesicles was determined by a modified Lowry method using bovine serum albumin as standard (27) . All the chemicals and biochemicals were obtained from commercial sources and were of analytical grades. The chloride salts ofdivalent cations were used in this study.
RESULTS

Requirement of Divalent Cation for H -ATPase Activities
Previous studies indicated that the anion-sensitive ATP hydrolysis in a corn root microsomal fraction (8) and the proton pumping in oat root tonoplast vesicles (7) preferred Mg-ATP as the substrate. Furthermore, other divalent cations, with the exception of Mn2", failed to stimulate either activity.
We have re-examined this substrate requirement of the H+-ATPase in highly purified tonoplast vesicles of corn roots (Fig. 2) . The enzyme exhibited negligible activities in the absence of divalent cation (less than 1% of that induced by Mg-ATP). However, rates of both ATP hydrolysis and proton pumping were strongly stimulated by the presence of either Mg2`or Mn2" (molar ratio of divalent cation/ATP = 1.0).
With the same molar ratio to ATP, none of the other tested cations induced detectable proton pumping activity, although considerable ATP hydrolysis was observed with the presence (Table I) . Under the experimental conditions mentioned in Figure 2 , the extent of complexation ranged from 60.6% for Ba2`to 94.9% for Cu2". Since ATP itself did not support the enzyme activities, the results shown in Figure 2 strictly illustrated the preferred form of ATP complex for the corn root tonoplast H+-ATPase and did not provide any information concerning the possible interactions between the cations and the enzyme.
The following experiments were performed to evaluate reactions between divalent cations and the ATPase. Keeping
Mg-ATP as substrate (2.5 mm Mg2`and 2.0 mM ATP), the coupled reactions were measured in the presence and absence of other divalent cations (Table I) . In this experiment, the ratio of Mg2" to the added cations was kept at 5 to 1 to assure that most of the ATP was as Mg-ATP. An examination of Table I indicated that, under the experimental conditions, the effects of added divalent cations might be grouped into two classes. Class I cations that substantially inhibited the hydrolysis of Mg-ATP and essentially abolished the net proton pumping included Cu2+, Co2 , Cd2+, and Zn2+. Class II cations included Ca2' and Ba2+, which exhibited certain measurable effects on ATP hydrolysis and proton pumping. The presence of Ba2`slightly decreased the initial proton pumping rate (Ro) and slightly increased the membrane H+ leakage (k1). On the other hand, Ca2+ increased the initial proton pumping rate without any significant effect on the leakage. Consequently, the net extent of proton translocation at steady state (6s) was decreased by Ba2" but increased by Ca2". Since Class II cations did not significantly inhibit either proton pumping or ATP hydrolysis, only Class I cations were further investigated in this study.
Effective Form of Class I Cation in Inhibition
The results of Table I indicated that the presence of Class I cation significantly inhibited the coupled activities of the H+-ATPase. Furthermore, the proton pumping appeared to have a greater sensitivity to their presence. This preferential inhibition of proton pumping was not a consequence of an increase in membrane leakage, ki. However, since both complexed (M-ATP) and free (M) cations were available in the equilibrium mixtures, it would be of interest to know the effective molecular form of the inhibitors.
For this purpose, the concentrations of Mg, M, and ATP were adjusted so that the concentration of M-ATP complex was increased (Table II) over the levels from the experiments in Table I . Although the concentrations of Mg-ATP were lowered by about 50%, they were still substantially higher than the Km of the ATPase (0.1-0.2 mM). In general, the change in experimental conditions from Table I to Table II Table I 
. Effects of Divalent Cations on the Activities of H+-ATPase
The total concentrations of Mg and ATP were 2.500 and 2.000 mm, respectively. The concentration of M added was 0.500 mm. This information was used to calculate the equilibrium concentrations of Mg-ATP, M-ATP, free Mg, free M, and free ATP. The K(Mg-ATP) and K(M-ATP) were apparent dissociation constants (in millimolars) derived from calculated concentrations. The literature K.bs (ref. 
Effects of Class I Cations on Proton Pumping
The results described in Tables I and II demonstrated that Class I cations had a profound effect on the activities of the tonoplast H+-ATPase. Furthermore, we identified that both the ATP complexes (Zn and Cd) and the free ions (Co and Cu) might be the effective inhibitors to the hydrolysis of Mg-ATP. Since no proton pumping was observed, information on the effective inhibitory species of Class I cations to this activity could not be determined. The inhibition of proton pumping could originate from an enhancement of the membrane leakage (increase in k1). This enhancement would be similar to the effect of protonophores (uncouplers), which could slightly increase the hydrolysis rate of Mg-ATP in corn root tonoplast vesicles (27) . However, as shown in Tables I  and II , Class I cations decreased the ATP hydrolysis rate and, therefore, might not act as protonophores under employed conditions.
To ascertain that an increase in membrane leakage (k1) was not the primary cause of observed decrease in proton pumping, experiments mentioned in Table III were performed. In these experiments, the total concentrations ofthe cations were reduced to levels that did not cause significant inhibition to Mg-ATP hydrolysis. In addition, the experimental conditions were also adjusted to allow a significant change in the concentration of either free or ATP-complexed M but not both. As shown, the concentration of Mg-ATP was relatively constant.
The membrane leakage as measured by k, was either unchanged or decreased (less leakage). The proton pumping rate and, therefore, the coupling with ATP hydrolysis as measured by Ro/RATp, was also decreased. However, additional leakage, induced by the presence of higher concentrations of Class I cations (Table II) , could not be ruled out.
Certain interesting points emerged when the data in Table  III Tables I, II , and III. The potency of Cd inhibition was investigated further. Both the proton pumping rate and the ATP hydrolysis rate were very sensitive to Cd (Fig. 3) . The pattern of differential inhibition was observed throughout the concentration range of added Cd2". For example, the inclusion of 50 gM Cd2+ in the assaying medium caused a 60% inhibition of proton pumping rate but only decreased ATP hydrolysis rate by 10%. It should be mentioned that the observed decrease in initial proton pumping rate was not accompanied by an increase of membrane leakage (k,). In fact, the value of k, decreased slightly as the concentration of Cd2+ increased (data not shown).
The efficiency of Cd2" to inhibit the H+-ATPase activities was also evaluated by Michaelis-Menten kinetics (Fig. 4) . The presence of Cd2" did not change the linear relationship between 1/V versus 1/S, suggesting that the basic feature of the molecular pathway leading to Mg-ATP hydrolysis and its associated proton pumping remained unchanged. A comparison between Figures 4A and 4B again indicated that the proton pumping process was more sensitive to Cd. The fact that the inhibition could be relieved by increasing Mg-ATP concentration indicated that the effective binding of Cd2" (ATP-complexed or free) could be regulated by the interaction between Mg-ATP and the tonoplast H+-ATPase. The values of Km for Mg-ATP hydrolysis and proton pumping in the absence of Cd2+ were determined as 0.11 and 0.26 mm, respectively (Fig. 4) . This observation that the coupled processes could respond to Mg-ATP concentration differently was also observed in our previous work (27) . Since the inhibition of ATP hydrolysis and proton pumping by Cd2" did not appear to obey a simple competitive pattern, no attempt was made to estimate ki values from the data shown in Figure 4 .
Such a complex mode of inhibition would suggest that existence of multiple binding sites for Cd2+ in the membrane. It Table Ill . Effects of Class I Cations on Proton Pumping
In the absence of Class I cations (None), the total concentrations of Mg and ATP were 2.000 and 1.800 mm, respectively. In the experiments labeled as (A), these concentrations were 2.000 mm for Mg and 1.700 mm for ATP. In (B), they were 2.500 mm (Mg) and 1.700 mm (ATP). In (C), they were 2.000 and 1.850 mm for total Mg and ATP, respectively. These variations had negligible effects on the rates of ATP hydrolysis and proton pumping when inhibitory cations were absent.
The procedures used to determine the equilibrium concentrations were identical to those mentioned in Table I . was also clear from Figure 4 that Mg-ATP was more effective in decreasing Cd inhibition of proton pumping than to ATP hydrolysis.
Effects of Divalent Cation on Membrane Structure
To a certain extent, the observed effects of free divalent cations as depicted in Tables I, II , and III, may be attributable to the binding with the phospholipids of the membrane vesicles. The binding of divalent cations to negatively charged head groups would cause a change in the membrane fluidity which may be qualitatively assessed by the rotational freedom of incorporated, lipid-soluble fluorescent probes, e.g. DPH (18) . The quantum yield of the fluorescence of DPH is determined by the polarity of its environment, i.e. nonfluorescent in aqueous media but highly fluorescent in hydrocarbon environment. A measurement of the polarization of incor- b Error in fluorescence intensity measurement was ± 2%.
presence of divalent cations. In general, the tested cations increased the polarization by no more than 10%, indicating a slight increase in the rigidity ofthe membrane. This suggested that, under the employed experimental conditions, the binding of cations to the negatively charged polar head groups of phospholipids in the membrane did not significantly change the microenvironment of DPH to affect its rotational motion. However, the fluorescence intensity of DPH was more noticeably affected. Thus, the structural change of the lipid phase induced by the binding of cations was sufficient to affect its polarity as detected by quantum yield measurement. It should be mentioned that Cu2" and Mn2" did not change the absorption of the vesicle suspension around 448 nm. Therefore, the observed changes in intensity were not due to the trivial reabsorption of emitted fluorescence or "inner filtering effect." In addition to the likely interactions of M-ATP at the catalytic and regulatory site(s) ofthe enzymes, these detected structural changes caused by free cations in the lipid phase could also contribute to the inhibition described in Tables I, II, and III. DISCUSSION In agreement with previous reports (7, 8) , the preference for Mg-ATP as the substrate to support the coupled ATP hydrolysis and proton pumping by the tonoplast H+-ATPase is now firmly established for corn root system. The presence of other divalent cations, with the exception ofCa2" and Ba24, inhibited both portions of the coupled process. Under the experimental conditions, the inhibitory cations (Cu, Co, Zn, and Cd) existed in both ATP-complexed and free forms. Since the dissociation constants of these ATP complexes (Cu, Co, and Zn) are lower than that of Mg-ATP, only a minor portion of the cations exists in free forms. Thus, it is expected that the ATP complexes are involved in the inhibition of the enzyme. The observed inhibition of Mg-ATP hydrolysis by Zn-ATP and Cd-ATP (Tables II and III) and of proton pumping by all ATP complexes of Class I cations (Table III) are examples.
Presumably, those complexes may bind to the active site of the enzyme. Since the cation complexes themselves do not significantly support the coupled activities, the simple competitive model predicts that the activities will be decreased due to the lowered concentration of the enzyme-Mg-ATP complex. Since the decrease of ATP hydrolysis rate was considerably less than that of the proton pumping (Tables I,   II , and III), the binding of inhibitory complexes exerted an additional effect on the function of the tonoplast H+-ATPase, other than a simple dilution of active enzyme-substrate complex. A likely source of this effect could be attributed to the presence of regulatory nucleotide binding site(s), as suggested by the observed inhibition of tonoplast ATPase activity at higher concentrations of Mg-ATP (21) . It is possible that the inhibitory cation-ATP complexes mentioned in this work may have a higher affinity than Mg-ATP to those sites, and that the binding at the regulatory site(s) might preferentially affect the proton pumping pathway.
Although only a small portion of the inhibitory cations exists in free form, the present study nevertheless indicates that their possible roles in either contributing to or regulating of the observed inhibition should not be overlooked. For example, as shown in Tables I and II , an increase in the concentration of free Co2+ or Cu21 leads to a greater inhibition of ATP hydrolysis. The possible regulatory effects of these two cations on the proton pumping process are suggested by the results in Table III . An increase in their concentrations resulting in less inhibition suggests that these free cations may either displace the complexes or bind to some other region to weaken the effect ofthe complexes. In either case, the binding of these free cations does not necessarily lead to inhibition. On the other hand, free Zn2+ appears to be able to inhibit proton pumping directly.
Mechanistically, the observed differential inhibition of the coupled activities of the tonoplast H+-ATPase caused by the cations and their ATP-complexes may be accounted for by our previously proposed "indirect" coupling model (28) . We assume that two functionally distinctive peptide domains, the ATP hydrolysis domain and the protogenic domain, together with a linkage structure constitute the essential elements for the coupled activities ofthe tonoplast H+-ATPase. The energy released from Mg-ATP hydrolysis may be first conserved in the enzyme (E, the ATPase) structure as conformational strains, i.e. changing from E to an activated form (E*). The E* can then relax back to E by transmitting this energy to the protogenic domain to induce the vectorial proton translocation. Thus, the results of Tables I, II , and III and Figure 3 would suggest the binding of the inhibitory divalent cations and their ATP complexes to the enzyme might result in preventing the formation or in changing the relaxation or both, of the proper E*.
Because the initial rates of proton pumping (Ro) described in this work were calculated from the leakage constant (k,) and the extent of proton translocation at steady state (b.), the risk of acquiring subjective errors from drawing tangent lines through the initial portion ofpumping curves was minimized. Furthermore, the mathematic model applied in this work was also substantiated by the independent works ofother researchers (10) . Since the change in proton pumping caused by the divalent cations (except Ba2+ and Ca2") and their ATP complexes was not accompanied by any significant change in the leakage constant (k1), the observed inhibition could not be the consequence of enhanced H+ leakage or unspecified secondary ion transport. Thus, the results reported in this work together with our previously described differential effects of nitrate (27) and mercuric ions (28) supported the operation of an "indirect" coupling mechanism in the tonoplast H+-ATPase of corn roots.
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